The studies reported here were performed to analyze the roles of Sproutys (Sprys), downstream targets and negative feedback regulators of the fibroblast growth factor (FGF) signaling pathway, in lens and corneal differentiation. METHODS. Spry1 and -2 were conditionally deleted in the lens and corneal epithelial precursors using the Le-Cre transgene and floxed alleles of Spry1 and -2. Alterations in lens and corneal development were assessed by hematoxylin and eosin staining, in situ hybridization, and immunohistochemistry. RESULTS. Spry1 and -2 were upregulated in the lens fibers at the onset of fiber differentiation. FGF signaling was both necessary and sufficient for induction of Spry1 and -2 in the lens fiber cells. Spry1 and -2 single-or double-null lenses failed to separate from the overlying ectoderm and showed persistent keratolenticular stalks. Apoptosis of stalk cells, normally seen during lens vesicle detachment from the ectoderm, was inhibited in Spry mutant lenses, with concomitant ERK activation. Prox1 and p57 KIP2 , normally upregulated at the onset of fiber differentiation were prematurely induced in the Spry mutant lens epithelial cells. However, terminal differentiation markers such as ␤-or ␥-crystallin were not induced. Corneal epithelial precursors in Spry1 and -2 double mutants showed increased proliferation with elevated expression of Erm and DUSP6 and decreased expression of the corneal differentiation marker K12. CONCLUSIONS. Collectively, the results indicate that Spry1 and -2 (1) through negative modulation of ERKs allow lens vesicle separation, (2) are targets of FGF signaling in the lens during initiation of fiber differentiation and (3) T he vertebrate lens is composed of proliferating epithelial cells in the anterior portion and postmitotic, terminally differentiated fiber cells in the posterior part. This polarity is maintained throughout life by precise coordination of proliferation, cell cycle exit, and differentiation. An inductive signal from the retina is thought to induce lens epithelial cells at the equatorial region to withdraw from the cell cycle and initiate the fiber differentiation program.
T he vertebrate lens is composed of proliferating epithelial cells in the anterior portion and postmitotic, terminally differentiated fiber cells in the posterior part. This polarity is maintained throughout life by precise coordination of proliferation, cell cycle exit, and differentiation. An inductive signal from the retina is thought to induce lens epithelial cells at the equatorial region to withdraw from the cell cycle and initiate the fiber differentiation program. 1 In vitro and in vivo studies show that FGF stimulation of lens epithelial cells is sufficient to induce premature fiber differentiation. [2] [3] [4] [5] Expression of secreted dominant negative FGF receptor 3 (FGFR3) or deletion of all six alleles of FGFR1, -2, and -3 in the lens in transgenic or knockout mice, respectively, is sufficient to inhibit initiation of lens fiber differentiation. 6, 7 These results suggest that FGFRmeditated signaling is necessary for normal fiber differentiation.
Sproutys play an essential role in regulation of Ras-Raf-Erk signaling downstream of FGFR stimulation. Four vertebrate Sprys, Spry1-4, have been identified and have been shown to antagonize Ras-Raf-ERK signaling downstream of FGFR. 8 -11 During murine embryogenesis, the sites of Spry expression often coincide with centers of FGF signaling. [11] [12] [13] [14] [15] Spry-knockout mice have revealed interesting roles for these proteins in regulation of organogenesis. Spry1-null mice show kidney and urinary tract defects with ectopic branching of the Wolffian duct and increased ERK activation. 16, 17 Spry2-null mice show alterations in inner ear development that are rescued by reduction in FGF8 dosage. 18 Spry3 is not expressed in the mouse embryo but is expressed in the adult brain and testes. 11 Effects of Spry3 deletion in the murine germline have not been reported. Spry4-null mice show growth retardation and polysyndactyly. 19 In addition, Spry2 and -4 have been shown to be critical for repression of ERK activation and diastema tooth formation. 20 In the brain, Spry1 and -2 regulate cortical patterning, proliferation, and differentiation by repression of FGF-ERK signaling. 9 These results establish Sprys as critical modulators of FGF-ERK signaling during organogenesis.
Expression of Spry1 and -2 at different stages of lens maturation has been described previously. 21 Nonetheless, the question of whether Sprys are necessary for lens development has not been addressed. By conditional deletion of Spry1 and -2 in ocular tissues, we show that these genes play critical roles in not only lens but also corneal development.
MATERIALS AND METHODS

Generation of Spry Null Mice
The generation of Spry1 and -2 floxed lines, 16, 20 Le-Cre, 22 FGF8 and -9 transgenic lines 2 and FGF receptor mutant lines 7 has been described previously. Spry1 and -2 floxed mice were crossed to Le-Cre transgenic mice to delete different combinations of Spry1 and -2 in ocular tissues. Matings were set up such that Cre-positive embryos or pups were hemizygous for the Le-Cre transgene. Primers (designated P1, P2, and P3) used to ascertain recombination and excision of loxP flanked sequences in Spry1 and -2 genes have been described previously. 16, 18 Animals were handled in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Histologic Analyses
Pregnant females were killed at appropriate time points, and transgenic or mutant offspring were identified by PCR. Heads of mutant and control embryos were harvested, fixed in 10% formalin, dehydrated, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
In Situ Hybridization
In situ hybridizations were performed using 35 S UTP-labeled riboprobes. The Cre antisense probe was synthesized using BamHI-digested Cre cDNA and T7 RNA polymerase, c-Maf antisense probe using HindIII-digested c-Maf cDNA and T7 RNA polymerase, Sox1 antisense probe using BamHI-digested Sox1 cDNA and T7 RNA polymerase, and DUSP6 antisense probe using BamHI-digested DUSP6 cDNA and T7 RNA polymerase. Spry1, Spry2, Spry4, FoxE3, Prox1, p57 KIP2 , cyclin D1, cyclin D2, Hes1, Erm, and Pea3 were synthesized as described previously. 23 To analyze Spry1 deletion in the conditional knockout mice, sequences between the loxP flanks were subcloned, and a riboprobe was synthesized using NotI-digested Spry1 DNA and T3 RNA polymerase. In situ hybridization was performed using the same hybridization and washing conditions as described previously. 24 Brightand dark-field images were captured separately (Eclipse E600 microscope; Nikon, Tokyo, Japan). Silver grains in the dark-field images were pseudocolored red (Photoshop CS; Adobe Systems, San Jose, CA) and overlaid on corresponding bright-field images.
Immunohistochemistry
Immunohistochemistry (IHC) on paraffin-embedded tissue sections was performed as described previously. 23 Sections were mounted using antifade medium containing DAPI (ProLong; Invitrogen, Carlsbad, CA). In figures where IHC data are shown, antigen-antibody complexes are in red, and nuclei are stained blue with DAPI.
Proliferation Assay
The BrdU incorporation assay was performed as described elsewhere. 6 Quantification of cell proliferation (BrdU labeling index) was performed by computing the fraction of BrdU-labeled nuclei over the total number of nuclei present in a given section. Sections from a minimum of three different embryos were analyzed per genotype per time point. As the stalk cells did not express either lens or corneal markers, they were excluded from the analysis for quantification of lens and corneal BrdU-labeling indices. Analysis was performed by one-way ANOVA with the post hoc Dunnett test comparing each Spry mutant genotype to CreϪ samples at P Յ 0.05 (Prism 5; GraphPad, La Jolla, CA).
Western Blot Analysis
Total proteins from lenses of wild-type and mutant mice were isolated as described previously. 6 Four independent samples (with each sample containing 8 to 10 lenses pooled from four to five different embryos from at least three different litters) were used. pERK/ERK ratios of Spry mutants were normalized to CreϪ controls and analyzed by two-tailed Student's t-test at P Յ 0.05.
RESULTS
Endogenous Expression of Spry1 and -2 in the Lens and Cornea
Spry1, -2, and -4 expression during early ocular development was analyzed by in situ hybridization. At E9.5, head ectodermal cells adjacent to the optic vesicle including the lens placodal cells expressed Spry1 and -2 (Figs. 1A, 1B, arrow) . At E10.5, the posterior lens pit cells showed strong expression of Spry1 and -2 (Figs. 1C, 1D , white arrow), and the corneal precursor cells adjacent to the lens pit showed weak expression of Spry1 and -2 (Figs. 1C, 1D , green arrows). At E11.5, the cells at the anterior margins of the lens vesicle (at the junction between FIGURE 1. Spry expression in the lens. In situ hybridization with 35 S-labeled Spry1 and -2 riboprobes was performed on sections of wild-type embryos. Spry1 (A, C, E, G, GЈ) and Spry2 (B, D, F, H, HЈ) were expressed initially in the lens placode (A, B, arrows) and later in the lens pit (C, D, arrows) and lens epithelial (E, F) and fiber cells (E, F, G, H, arrows). Spry1 and -2 were weakly expressed in the presumptive cornea (C-F, green arrows), in the cells at the junction between the lens and the presumptive cornea (E, F, yellow arrows) that would close to form the lens stalk, and in retinal neuroblasts (C-H). (Figs. 1G, 1HЈ , green arrows). Expression of Spry1 and -2 was also seen in a subset of neuroblasts of the optic vesicle (Figs. 1A, 1B) , optic cup (Figs. 1C, 1D) , and later in the retina (Figs. 1E, 1F, 1H) . Spry 4 expression, although not detectable in the lens or corneal epithelial cells between E9.5 and E12.5, was seen in the periocular mesenchymal cells (data not shown).
FGF Signaling Is Required for Spry1 and -2 Expression in the Lens Fibers
Strong expression of Spry1 and -2 in the lens fiber cells at the onset of fiber differentiation suggested the possibility that they are relevant to the fiber differentiation program. As FGF signaling has been shown to be necessary and sufficient for lens fiber differentiation and as Spry1 and -2 have been shown to be downstream targets of the FGF signaling pathway in several organ rudiments, 11,18 -20,25 we assessed whether Spry1 and -2 are downstream targets of FGF signaling in the lens during initiation of fiber differentiation by performing in situ hybridization on sections of FGF transgenic (gain of function) and FGF receptor mutant (loss of function) mice. Lens fiber-specific expression of FGF8 or -9 in transgenic mice induces premature fiber differentiation of the overlying epithelial cells. 2 In contrast, loss of all six alleles of FGFR1, -2, and -3 (FGFR mutant) leads to inhibition of fiber differentiation. 7 At E15.5, lens cells at the transition zone where fiber differentiation is initiated expressed Spry1 and -2 ( Figs. 2A, 2D, arrows) . In contrast, lens epithelial cells did not express Spry1 and -2 ( Figs. 2A, 2D ). FGF8 and FGF9 transgenic lens epithelial cells showed weak induction of Spry1 (Figs. 2B, 2C, arrows) but strong upregulation of Spry2 (Figs. 2E, 2F, arrows) suggesting that FGF activation is sufficient for induction of Spry1 and -2 in the differentiating fiber cells. In contrast, FGFR mutant lenses showed reduced expression of Spry1 (Fig. 2H ) and -2 ( Fig. 2J) , suggesting that FGFR-mediated signaling is necessary for expression of Spry1 and -2 in the lens fiber cells. Taken together, these results indicated that FGF signaling is both sufficient and necessary for induction of Spry1 and -2 during lens fiber differentiation. Induction of Spry1 and -2 in the FGF9 corneal stromal cells was also observed (Figs. 2C, 2F ).
Spry1 and -2 Deletion in the Lens and Cornea
To assess whether Spry1 and -2 are necessary for lens and corneal differentiation, we used the Cre-loxP system to conditionally delete these genes in the head ectodermal cells that form lens and corneal epithelial precursors. Mice carrying floxed alleles of Spry1 and -2 were mated to the Le-Cre transgenic line that expressed Cre recombinase driven by the Pax6 P0 promoter. 22 This promoter is active initially in the preplacodal ectodermal precursors and later in the lens (Figs. 3A, 3F, white arrows), corneal (Figs. 3A, 3F, green arrows), and conjunctival epithelial cells (data not shown). 22 Deletion of Spry1 and -2 in the lens precursors was analyzed by in situ hybridization ( Figs These results, taken together, correlated Spry1 and -2 deletion in the lens and corneal epithelial cells to Cre recombinase expression.
Failure of Lens Detachment in Spry1-and -2-Null Mice
To assess alterations in lens and corneal development in Sprynull mice, sections of embryos that had lost two, three, or all four alleles of Spry1 and -2 in the lens, corneal, and conjunctival epithelial cells were analyzed by histology (Fig. 4) . Embryos that lacked Cre recombinase (CreϪ) were used as controls. At E10.5, embryos lacking two alleles of Spry2 (Fig. 4B ), one allele of Spry1 and two alleles of Spry2 (Fig. 4C) , and all four alleles of Spry1 and -2 ( Fig. 4D) were indistinguishable from control embryos (Fig. 4 A) . In these mutants, the lens pit formed normally. At E11.5, a remnant of a lens stalk, a transient structure connecting the lens vesicle to the presumptive cornea, was seen in control embryos (Figs. 4E, 4EЈ, arrow) . Spry mutants, in contrast, displayed a thicker stalk with more cells Supplementary Figs. S1A -BЈ, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7531/-/ DCSupplemental) also displayed lens stalks and were identical with other Spry mutants. As loss of two, three, or four alleles of Spry1 and/or -2 leads to similar alterations in early lens differentiation, detailed analysis was performed on embryos that lacked all four alleles of Spry1 and -2 (unless specified otherwise). In this article, we report changes in lens and corneal differentiation. Alterations in ocular gland development and eyelid closure were also seen but are not reported here.
Increased Erk Activation in Spry Mutants
As Spry1 and -2 are negative-feedback regulators of the FGF-Ras-Erk pathway in several mammalian tissues, alterations in ERK phosphorylation in Spry1 and -2 double-null embryos (Figs. 5A-DЈ) were assessed by immunohistochemistry and Western blot analysis (Fig. 5E ). Spry1;Spry2 double-null embryos showed elevated pERK1/2 at the junction between the lens pit and the surface ectoderm (Figs. 5B, BЈ, yellow arrows) and in the prospective corneal epithelial cells (Figs. 5B, BЈ, green arrows) . Spry1 and -2 single-null embryos also showed a similar increase (data not shown). In the lens pit, pERK1/2 levels were reduced compared with controls (Figs. 5B, BЈ) . At E12.5, pERK1/2 levels were increased in the lens epithelial and fiber cells (Figs. 5D, DЈ,  arrows) . Increase in pERK1/2 levels in the newborn Spry1; Spry2 double-null lenses was quantified by Western blot analysis (Figs. 5E) . Quantification of pERK/ERK ratios suggested that pERK1 and -2 levels were increased approximately 2.3-to 2.5-fold in the Spry1;Spry2 double-null lenses (Fig. 5G) . Spry mutant corneal epithelial cells did not show detectable levels of pERK1/2 at E12.5 (Figs. 5D, 5DЈ ) or at E15.5 (data not shown).
Induction of Downstream Targets of FGF Signaling
The ETS domain transcription factors, Erm and Pea3, and the MAP kinase phosphatase DUSP6 (MKP3) have been shown to be targets of FGF signaling. 26 -28 At E10.5, the lens pit cells expressed Erm (Fig. 6A) , Pea3 (Fig. 6G) , and DUSP6 (Fig. 6M) . At E12.5, Erm (Fig. 6C, arrow) , and DUSP6 (Fig. 6O, arrows) were strongly expressed at the transition zone where fiber differentiation is initiated. Spry mutants showed a strong induction of Erm, Pea3, and DUSP6 in their lens pits (Figs. 6B, 6H, 6N , arrows) and lens epithelial cells (Figs. 6D, 6F , 6J, 6L, 6P, 6R, white arrows). Erm, Pea3, and DUSP6 were also induced in the stalk cells (Figs. 6F, 6J , 6L, 6P, 6R, yellow arrows). Interestingly, at E15.5, the Spry mutant corneal epithelial cells also showed strong upregulation of Erm and DUSP6 (Figs. 6F, 6R , green arrows). These results suggest that the FGF signaling axis is active in the Spry mutant stalk, lens, and corneal epithelial cells. 
Early Lens Differentiation Is Altered in Spry Null Embryos
Cells in the lens stalk undergo apoptosis as the lens vesicle separates from the overlying ectoderm. 29 To assess whether the Spry mutant stalk cells persist because of decreased apoptosis, we performed immunohistochemistry, using an active caspase 3 antibody (Figs. 7A, 7B ). At E11.5, activated caspase 3-positive cells were seen in the stalks of the control (Fig. 7A,  arrow) but not the Spry mutants (Fig. 7B) , suggesting an inhibition of the apoptotic program. Next, we examined expression of genes that are critical for lens placode specification and vesicle separation by immunohistochemistry and in situ hybridization (Figs. 7C-R) . Pax6, Sox2, and FoxE3 are transcription factors that are critical for lens specification (Pax6), placode thickening and invagination (Pax6, Sox2), and vesicle separation (Pax6, FoxE3). 22,30 -32 All three proteins were expressed in the correct spatial pattern in the Spry mutant embryos (Figs. 7C-J, 7O-R) suggesting that the persistent stalk phenotype is not due to altered expression of these proteins. Of note, Spry mutant stalk cells did not express Sox2 or FoxE3 in contrast to lens epithelial cells (Figs. 7J, 7R, arrow) . At E10.5, p63, a gene essential for epidermal differentiation, 33 was restricted to the cells of the surface ectoderm and was excluded from the lens pit (Fig. 7K, arrows) . In Spry mutant embryos, at E10.5, the expression domain of p63 had expanded into the anterior margins of the lens pit (Fig. 7L, arrows) . At E12.5, corneal but not lens epithelial precursors expressed p63 (Fig. 7M) . At E12.5, p63 expression was unaltered in the corneal epithelial cells (Fig. 7N) . All the stalk cells, however, expressed p63 (Fig. 7N, arrow) . Expression of E-and N-cadherin, two proteins shown to regulate lens epithelial adhesion, survival, and vesicle separation 34 
Premature Initiation of Fiber Differentiation in Spry Mutant Lenses
The onset of lens fiber differentiation near the equator is marked by an upregulation of the homeobox transcription factor, Prox1, and the cyclin-dependent kinase (CDK) inhibitor, p57 KIP2 (Figs. 8A, 8C, 8E, 8G, arrows). [35] [36] [37] Prox1 mRNA (Fig. 8B) and protein (Figs. 8D, 8DЈ ) and p57 KIP2 mRNA ( 
Cell Proliferation in Spry Null Embryos
To determine whether the persistent stalks seen in Spry mutants were due to increased proliferation, we performed a BrdU incorporation assay on E10.5, E12.5, and E15.5 Spry mutant embryos (Figs. 9A-C; Supplementary Figs . S4A-E, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7531/-/ DCSupplemental). Quantification of the BrdU labeling index of E10.5 Spry mutant embryos did not reveal a significant change in the BrdU incorporation rates, either in cells lining the lens pit or at the junction between the lens and the presumptive cornea (data not shown), suggesting that the persistence of lens stalks is unlikely to be due to an increase in proliferation. At E12.5 and E15.5, BrdU incorporation rates of Spry1 and -2 single-or double-null lens epithelial cells were indistinguishable from those of control embryos (Supplementary Figs. S4C-E, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 11-7531/-/DCSupplemental), suggesting that Spry1 and -2 were dispensable for lens epithelial proliferation. These results were surprising, given the increase in p57
Kip2 expression in Spry mutant lens epithelial cells (Figs. 8A, 8C, 8E, 8G ). That cell cycle exit is not induced despite elevated p57 expression could be due to either qualitative (p57 protein expression in seen in most but not all Spry mutant lens epithelial cells; Figs. 8H, 8HЈ) or quantitative (p57 expression is presumably not at high enough levels to block activities of all cdk2 and cdk4 molecules in lens epithelial cells) differences. In addition, expression of p27 Kip1 , another cdk inhibitor shown to have overlapping role with p57 in initiating lens epithelial cell cycle exit, 37 was unaltered in Spry mutants (data not shown). At E12.5 (Supplementary Fig. S4D , http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.11-7531/-/DCSupplemental) and E15.5 (Fig. 9B,  yellow arrow) , however, the stalk cells incorporated BrdU. Interestingly, the corneal epithelial cells of Spry1;Spry2 double-null (Fig. 9B, green arrows, 9C ) but not Spry1 (Supplementary Fig. S1E , http://www.iovs.org/lookup/suppl/doi:10. 1167/iovs.11-7531/-/DCSupplemental) or Spry2 single-null embryos (Fig. 9C) showed increased BrdU incorporation. Also, cyclin D2 but not cyclin D1 was induced in Spry1;Spry2 double-null (Figs. 9E, 9G, green arrows) and Spry1 single-null corneas (Supplementary Figs. S1F-I , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.11-7531/-/DCSupplemental). These results suggest that Spry1 and -2 function redundantly to suppress corneal epithelial proliferation.
Impaired Corneal Differentiation in Spry Mutants
Alterations in corneal differentiation were assessed by in situ hybridization and immunohistochemistry. Hes1, a transcription factor and downstream target of the Notch pathway, is expressed in the corneal epithelial cells (Fig. 9H, arrow) and has been shown to be necessary for maintenance of corneal epithelial progenitor/stem population. 38 Spry mutant corneal epithelial cells (and stalk cells) showed a stronger expression of Hes1 than CreϪ controls (Figs. 9H, 9I, arrow) . Expression of keratin 12 (K12), an early marker of corneal epithelial differentiation, was detectable in the corneal epithelial cells by E15 (Figs. 9J, 9JЈ, arrow) . Spry mutant corneas, however, showed a significant reduction in expression of K12 (Figs. 9K, 9KЈ , arrow) suggesting an inhibition of terminal differentiation of Spry mutant corneal epithelial cells. In contrast, expression of 14-3-3, a protein expressed in, but not restricted to, the corneal epithelium, remained unaltered in the Spry mutant corneas (Figs. 9L, 9M ).
DISCUSSION
Conditional deletion of Spry1 and -2 in ocular tissues revealed interesting roles for these genes during early lens and corneal development. The significance of our results as it relates to FGF signaling and past studies are discussed in the following sections.
Our Spry expression results differ from a previously published report of Spry expression in the lens. Boros et al. 21 reported a higher expression of Spry1 in the lens epithelium than fibers and ubiquitous expression of Spry2 within the lens before E13.5. The difference in expression pattern between our study and that of Boros et al. may be attributable to the following. The riboprobes that they used were derived from rat Spry cDNAs and were designed to hybridize to specific regions within Spry1 and -2 coding sequences. The riboprobes in our study were against full-length mouse Spry1 and -2 that included 3Ј untranslated sequences. These probes have been used to describe Spry expression pattern during early embryogenesis and limb development. 11 In addition, we used 35 S-labeled riboprobes for our study. In contrast, Boros et al. used a nonradioactive method to detect Spry1 and -2 expression in situ. Nonetheless, both studies agree on the absence of Spry4 expression in the lens or corneal epithelial cells before E12.5.
Lens placode specification, invagination, and vesicle formation are apparently normal in Spry mutants, suggesting that Spry function is dispensable for modulation of signaling pathways that regulate these developmental events. However, lens vesicle separation from the overlying ectoderm was not successfully completed in the Spry mutants. Inhibition of apoptosis may be one reason for failure of vesicle detachment. Whether Sprys play a direct or an indirect role in inhibition of apoptosis is not known. Before vesicle closure, cells at the anterior margins of the lens pit that would close to form the stalk showed elevated ERK activity in the Spry mutants. Although these results suggest the possibility that increased ERK signaling may play a role in promoting survival of stalk cells, it is unlikely to be FGF-dependent, as concomitant induction of FGF targets in these cells were not seen. After vesicle closure, the stalk cells that escape programmed cell death showed induction of FGF signaling targets such as Erm, Pea3, and DUSP6. Continued survival of stalk cells therefore could at least in part, be attributable to a local increase in FGF signaling. This interpretation is consistent with a recent report that shows that decreased FGF signaling during early placode development by conditional deletion of FGFR1 and -2 in the preplacodal cells results in increased apoptosis. 39 Also of relevance are the results of our previous studies that show that Ras activation in the placodal cells leads to failure of lens detachment. 23 Considered together, these results support the notion that the process of lens vesicle separation is sensitive to changes in FGF-Ras-ERK activity and that Spry-mediated suppression of ERK is critical for proper separation of the lens vesicle. However, we cannot rule out the possibility that elevated ERK activity in Spry mutant lenses is an indirect consequence of altered expression of transcription factors or other intercellular signaling pathways. In addition, it is possible that the persistent lens stalk phenotype is due to Spry1 and -2 deficiency in the corneal epithelial precursors. Future experiments to specifically delete Spry1 and -2 in the corneal (but not lens) epithelial precursors should allow us to test this hypothesis.
Our results are in contrast to those in a previous study that showed persistent lens stalks in transgenic mice that expressed kinase deficient FGFR1 in the lens placodal cells. 40 This result was interpreted to indicate that decreased FGF signaling caused failure of lens vesicle separation. However, in these studies, the persistent lens stalk phenotype was seen in only one of two transgenic lines. In addition, induction of FGF targets or elevation in pERK activity was not reported making it difficult to assess whether FGF signaling was indeed reduced in the lens placodes of these mice. A recent report suggests the possibility that these mice may present a gain-of-function rather than a loss-of-function phenotype, as they do not match the Fgfr1;Fgfr2 double-null phenotype. 39 Our pERK immunohistochemistry results show an initial reduction at E10.5 and a later increase E12.5 in pERK levels in the posterior lens cells of the Spry mutants. Although the reasons for this change are unknown, it appears to be of little functional consequence, as lens fiber differentiation remained unaltered.
Our results suggest that Spry1 and -2 are dispensable for lens epithelial proliferation. These genes, however, are downstream targets of FGF signaling and negative regulators of ERK activity during initiation of lens fiber differentiation. Spry1 and -2 are upregulated in the primary fiber cells at E12.5 and at the transition zone where secondary fiber differentiation is initiated at E15.5. FGF stimulation is both necessary and sufficient for induction of Spry1 and -2 in the differentiating fiber cells. (However, it is unclear whether induction of Spry expression in FGF transgenic mice is a direct or an indirect effect of FGF stimulation.) Loss of Spry1 and -2 does not fully phenocopy the effects of FGF stimulation of lens epithelial cells (i.e., induce terminal fiber differentiation, as assayed by ␤-or ␥-crystallin expression). Instead, loss of Spry1 and -2 in the lens epithelial cells leads to premature induction of early fiber differentiation markers Prox1, P57
Kip2 with concomitant increase in ERK activity and induction of FGF signaling targets. We interpret these results to mean that Sprys function more as fine tuners than as major regulators of FGF signaling during fiber differentiation. Whether Spry overexpression or activation is sufficient to reduce FGF signaling in the lens has not been tested. Nonetheless, conditional deletion of Shp2, a phosphatase that can dephosphorylate and inactivate the function of Spry2, in the lens leads to reduced ERK activity and delayed initiation of lens fiber differentiation. 41 These results complement our Spry loss-of-function studies that show increased ERK activity and premature induction of fiber differentiation markers.
Spry mutant corneal epithelial precursors show increased proliferation with a concomitant increase in Erm and DUSP6 and a transient increase in pERK levels. Reduced expression of corneal differentiation markers such as K12 and increased expression of the progenitor marker Hes1 and the cell cycle regulatory gene cyclin D2 are consistent with the notion that increased ERK signaling in the cornea promotes proliferation rather than differentiation. This is consistent with our previous results that suggested FGF stimulation and Ras activation also increased corneal epithelial proliferation. 23, 24 Therefore, the lens and cornea, although of common embryonic origin, show distinctive biological responses to loss of Sprys: the cornea shows increased proliferation and the lens, premature initiation of differentiation. However, both corneal and lens epithelial precursors in Spry mutants show elevated ERK activation and induction of ERK targets such as Erm and DUSP6. How does activation of the same signaling pathway lead to distinctive biological responses in these two tissues? Our results provide correlative evidence that the distinctive responses could be due to induction of different targets. For instance, Prox1 and p57 KIP2 (a cell cycle inhibitor) were elevated in the Spry mutant lens but not in the cornea. Nonetheless, more experimental evidence is needed to rigorously test this hypothesis.
Loss of any two alleles of Spry1 and -2 is sufficient to cause alterations in lens development suggesting that Spry1 and -2 perform unique roles in regulation of lens differentiation. In contrast, loss of all four Spry alleles is needed to alter corneal differentiation suggesting that Spry1 and -2 function redundantly in the cornea. The reason why the cornea relies on both Spry1 and -2 and the lens, on either Spry1 or -2 to modulate ERK activity is not clear. A future challenge will be to unravel the complexities of negative feedback regulation of Ras-ERK signaling in these two tissues. The studies described here provide a framework for these investigations.
